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( f o r  y u b l i c a t i o n  i n  Sc ience)  

Will iam A ,  Cass idy and Nata le  ?I, C e s l i c  

N70- 777 
A b s t r a c t :  Autoradiography i s  a  p roce s s  used i n  making photo-  

g r a ~ h s  of n a t u r a l l y  r a d i o a c t i v e  m a t e r i a l s  by u s ing  t h e  a l ~ h a  

r a d i a t i o n  t h e y  e m i t ,  I t  has  a l s o  been used i n  t r a c e r  i s o t o ~ e  

s t u d i e s .  !>Iany e lements  can be made r a d i o a c t i v e  by neu t ron  i r r a d i -  

a t i o n .  Th i s  pape r  d e s c r i b e s  t h e  use  of  a u t o r a d i o g r a ~ h y  i n  making 

photographs  of  m a t e r i a l s  t h a t  have been a r t i f i c i a l l y  a c t i v a t e d  i n  

a  n u c l e a r  r e a c t o r ,  and emi t  b e t a  r a u i a t i o n  d u r i n ~  decay,  ? i o s t  

n a t u r a l  m a t e r i a l s  a r e  nonhomogeneous, and d i f f e r e n c e s  i n  compo- 

s i t i o n  can be Shown by n e u t r o n - a c t i v a t i o n  au to rad iography ,  even 

when more t h a n  one e lement  has  been a c t i v a t e d ,  A t a b l e  i s  g iven  

t h a t  can  be used  t o  h e l p  dec ide  i f  a  p a r t i c u l a r  e lement  w i l l  be 

u s e f u l  i n  n e u t r o n - a c t i v a t i o n  au to rad iography .  Ke found by c a l c u -  

l a t i o n  and by exner iment  t h a t  t h e  method would be u s e f u l  i n  t h e  

s t udy  of t h i n  s e c t i o n s  o f  a l a r g e  v a r i e t y  of rocks .  The most use -  

f u l  common rock-forming e lements  a r e  -41 and Na b u t  a cce s so ry  

e lements  can o f t e n  be used,  t o o ,  i f  l o c a l  c o n c e n t r a t i o n s  a r e  h igh  

enough, a s  i n  o r e s .  The method can a l s o  be used i n  l i v i n g  o r g a n i c  

sys tems ,  f o r  example i n  p l a n t  and animal exyer iments ,  where it i s  

u n d e s i r a b l e  o r  n o t  f e a s i b l e  t o  i n t r o d u c e  r a d i o a c t i v e  t r a c e r s  i n t o  

t he  sys tem,  The element t o  be s t u d i e d  can be i n t roduced  normal ly ,  

and 
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Uncommon Uses 

W i l l i a m  A ,  C a s s i d y  and N a t a l e  M e  C e g l i o  

The a u t h o r s  a r e  Resea rch  A s s o c i a t e ,  Lamont G e o l o g i c a l  

O b s e r v a t o r y ,  P a l i s a d e s ,  New York; Department  o f  P h y s i c s ,  

X a s s a c h u s e t e s  I n s t i t u t e  o f  Technology,  Cambridge, M a s s a c h u s e t t s ,  

Lamont G e o l o g i c a l  O b s e r v a t o r y  No, 
I 



. . i \ u t o r : ~ l i o ~ r n p i l y  i s  a  p r o c c s s  i n  uiiicil ;in ob j  c c t  coatz~n1:::; 

r - 2 L i o s c t i v c  n a t c r i a l  i s  pho tographed  by u s i n g  r h c  r a d i a t i o r .  it  

e ~ n i t s .  h:nong t l lc  f i r s t  u s e s  of nu to rad iogrnp l ly  was t i lc s t u d y  0 5  

rllc d i s  t r i b u t i o ~ l  o f  urnniuni ,and thor iu ix  coripounds i n  o r c s  (1- 4.) . 
Dccaying uranium e m i t s  a l p h a  p a r t i c l c s ,  s o  i f  a p h o t o g r a p h i c  f i l m  

i s  h c l d  n e x t  t o  s c u t  f a c e  o f  u ran ium-bca r ing  o r e  t h c  a l p h a  p a r t i c l e s  

celiz-ted from ti le f l a t  f a c e ,  and from 3 t h i n  zone i n  back  oE i c ,  

expose  t h e  p h o t o g r a p h i c  emuls ion  t o  g i v c  n p i c t u r e  of  t h e  Cis r r i -  

b u r i o n  of  uranium a c r o s s - t h e  f a c e  a s  a f u n c t i o n  of  i t s  c o n c e n t r a r i o n .  

Ifi ri le p e r i o d  j u s t  a f t e r  t h e  Second K o r l d  I?:r r s d i o a c t i v c  

t r a c c r s  bccaac  r e a d i l y  a v a i l a b l e  and came i n t o  g e n e r a l  u s e  i n  

n e i i i c i n c  and b i o l o g y .  I n  t h c s e  s t u d i e s  i s o t o p e s  w i t h  s h o r t  h a l -  

l i v e s  were i n t r o d u c e d  i n t o  l i v i n g  o r g a n i s m s ,  and t h e i r  d i s t r i b ~ i i o ~  , 

by p h y s i o l o g i c a l  p r o c e s s e s  was s z u d i c d  by m o n i t o r i n g  t h e  p r o g r e s s  

o f  t h e i r  b c t a  and gamma r a d i a t i o n  t h r o u g h  t h e  organism ( 5 ) .  3y 

t h e s e  means i t  c o u l d  b e  shown, f o r  cxamplc ,  t i i a t  ' i n  human s u i i j c c t s  

ioci ine coi-iccnxrates i n  t h e  t h y r o i d  (0), and p h o s ~ ~ h o r u s  i n  t h e  b c n e s ,  

" 7 ,  i n  zones o f  c a l c i f y i n g  cartilage, and i n  t e e t h  ( 7 ) .  l i l cse  t r n c e r  

espcrimcn'cs  c a n  a l s o  be  r c c o r d e d  by s c i n t i l l a t i o n  cquipixent v i l ich  

i s  s e n s i t i v e  e x c l u s i v e l y  t o  ganlnla r a d i a t i o n  ( 8 ) .  I n  l a b o r a t o r y  

a n i m a l s ,  u h e r c  l o n g e r - l i v e d  i s o t o p e s  a n d / o r  l a r g e r  q u a n t i t i e s  of 

r a d i o a c t i v e  t r a c e r  have  bccn  u s e d ,  o r g a n s  and t i s s u e s  have bccn  

.s;udicd i n  t h e  l i v i n g  an ima l  w i t h  s c i n t i l l a t i o l r  equipment ,  an6 w i t h  

autor~diography a f t e r  r h c  an imal  has  b e e n  s a c r i f i c c i .  

Au to rad iography  u s i n g  t r a c o r s  has been  accompl i shed  22 i h c  

electron-microscopic l e v e l  ( 9 )  , and s t r u c t u r a l  s t u d i e s  o i  



. . ciirol1,oso;\:cs k 3 . v ~  ;ec;i c n r r i c i  out by t i  02  n c t o r . s d ~ o z r c ; l : s  

. . 
\ql,cll 2111 o l > t i ~ ~ i l  V , ~ C Y C S C O ~ I C  ( 10) 

To I s t c ,  c h s r c f o r e ,  mosi  2-~coradio:r ;phic  work has Si-? l o n e  ir r 

usi:lg r a d i o i s o t o p e s  3.5 T r a c e r s ,  2nd 1 been  c;iployc;! i11 b i c l o ; i c s i ,  

~ ; i l y s i o i o g i c n ? ,  end ;r ,cdica? research. This i n t r o G u c t i o n  will b e  

q u i t e  f a . ~ ; ~ i l i a r  t o  worke r s  il: t l iosc f i c l d s .  Soale wol:k9 110r:ever, 

, 51 , $ -  6  4 
has  been  done i n  a l l o y  s y s t e m s :  f o r  example Cr , ,\.1154, and Cu 

have ~ C L ? I I  u sed  a s  t r a c e r s  i n  an A:-Zn-?::: a l l o y  ;o s t u d y  t h c i r  

r c i a r i o i :  i o  mccal iogra~i ; idc .  s t r u c , r u r c s  b e f o r e  and a f t c r  i ; ~ t - : > r e s ~ i ; i z  

1 . n i  (I) S e l f - i b i f E u s i o r .  oi: Au i n  A u  and i n  hu-Xi a l l o y s  

112s a l s o  becil s t u d i e d  by use  of  r r t d i o a c t i v e  g o l d  t r a c e r s  ( 1 2 ,  13). 

Ycuxron A c t i v a t i o n  A u t o r a u i o z r a p h y  

n, T i n a r c  is  s n o t h c r  p o t c n i i s i  a p ~ l i c a t i o n  02  a u t o r a d i o g r c p h y  t1i;t 

i s  v e r y  s i m p l e  i n  cosccgt.  T h i s  i n v o l v e s  a c t i v a t i n g  a no rmal ly  

noilraciioac:ire m a t e r i a l  w i t h  t h e r m a l  a e u t r o ~ i s  s o  t h a t  ii i l l  z i v c  

23  n u t o r a d i o g r a p h .  Our l i t e r a t u r e  s e a r c h  h a s  t u r n e d  up only il ;ex 

'$ * i s o l a z e d  oxampics. In  i m p c r t a n t  c a r l y  work l l i i l o r o l s  coi;taini:lg .in, 

l iu,  Cu, ildi, B, X B s ,  Ha, and .4s have been  i n v c s t i ~ a r e i ,  osin:  s r r a y  

n c u e r o n s  f r o -  e cyclo i ro11 a s  a s o u r c e  o f  r a d i a t i o n  (13, 1 5 ) .  ?.utc.- 

r a d i o a r ~ ~ , h s  02  n e u t r o n - a c t i v a t e d  o r e s  c o n t a i n i n s  t h e s e  clca:ents 

wcrc s a c c c s s f ~ l .  A m i c r o p c r t h i t e  and zn h l -Cu  a l l o y  bevc ' ~ c c n  

;c:iv;tcc2 ( 2 6 ) ;  Ke i n  t h e  m i c r o p c r t h i t e  2nd Cu i n  t h e  a l l o y  

n??ccred on r!ic a u t o r a d i o g r n n h  wi'ch m i c r o s c o ~ i c  r e s ~ l u t i o i ~ .  

:I$ - 1 2  ,,,,, , . , . u.l?+eY.;Ocs 3 i ! l ~ ~ i i : 3 i ~ i i ~ ~ t ~ O l 1  ~ . c Z ! C - ~ C I ~  to G . ? i s  

::lc v ~ r y  s h o r t  h a l f - l i f e  o f  , 0 2 2  s c c o a l s .  S:ecl s2i:l?lcs 
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7 ,  
1 3  , .  

3 7 .:1. ,,, ,L:r :tl:a U C ~  r ~ ~ ' : i ; i t i ~ f i  f y ~ p ,  d e C c ) / i I ; ~  i;*- 1i:z.j;~s; ; i \~-~er ,c lo ; i ;y~ .L3~;  

. .  7 . . P - rir~;c;l i s  ~ : ; ~ ~ ~ y c ~ l c l y  n o t  c loxded  t o o  ;;icci; oy "-1.- L . A ~  ;:LUX < : ~ ? i 2 ~  5 7 -  

L ion  3 ~ - ~ i v 3 - / - ; ~ ~  ~ G C C -  2 i ~ i o  1 )  I?,cccn.i;iy ~ ! z c  mcdcl:od o f  r,.u-i-- 

.radio9l-a?ily h a s  b c c n  used  t o  copy olc'i p!?ot'cGrap:;s c f  h.is",cric 

inte -- ., 7 .  3 ; c s L  -tilnx have f a d e d  b a d l y  ( 1 s )  Tllc 012 ~nhoJiogra;?:~, i ~ ' l . l i ~ ; \  

~ 0 n t a i r i . s  lo7 i n  i t s  il:;ape, i s  i r r a d i a - i - :  b ~ d  i i 1  2. rC2CZoT t o  ~ ~ O C L U C ~  

t l l  -- i a i ioac. : ive *. ,- daughzer ,  A2 lo' w i t h  a h a l f - l i f e  0 2  2 . 3  n i ~ u t e s .  
9 

The , zc t ivaxcd  pi'iotogrnp1-i i s  theil  u sed  -to e q o s c  n n e g a t i v e ,  3.26 

,- L.e i\ r c s u l , t i r , g  p r i n x  shows an imagc ti lax i s  g r c a 2 l y  cr ih3ncei  o v e r  

t h e  o r i g i n a l .  

.4u'~oradiog.r3phy by 'i;i:cri;~ril ncut l -on i r r a d i a x i o n  czr. be 

~ a r z l c u l ~ r l y  v s l u a b l c  i f  u sed  i n  c o n j u ~ ~ c t i o n  wizh  n c u r r o n  a c x i -  

v a z i o n  a n a l y s i s .  The cxamplcs  j u s t  c i 'ccd i n d i c s x c  :ha$ t h c r c  G T C  

EL?;I;J uses'ul  ~ p p l i c n ~ i o n s ,  and we Zind i t  norc.r.\~ort;iy tlltLt 1:cxk.ccli 
\ 

i s  noz  i n  g e n e r a l  u s e .  I n  t i le balaizcc o f  elis p a y e r  tie G c s c r i 3 e  

t h e  2 r o c e s s  2nd d i s c u s s  p o s s i b i e  a g p l i c z t i o n s ,  

.- y e z s i b i l i J c y  o f  " ~ L C  ;\k^Lhod, 

Tiic method t a k e s  advanmage o f  t h e  f a c t s  t h a t  - 1, a v e r y  l a r g e  

xunber  o f  n a t u r a l l y  occu? r ing  iso:opes w i l l  undergo  n u c l e a r  Yenc'iions 

f l u s  

2 ,  :-LO r.a-i;urzl o r  a r t i f i c i a l  m a t e r i a l  i s  c o ~ n p i e t e ? y  hoxogcr .cocs,  
w 
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- i . . na'-;c.;.e i;qA 2, ;7>L0.cc7971-)1-L- ~3 * *!: J i z i ~ ~ o ~ c o p i ~  l;?;:0;:i0~~;-~cl-i;e5 Z O C ~  

u o s s i 3 i l i - ' i c s  c s i s - ~  a l s o ,  

. - 2- 1- .,A ;i f c \ q  c s r ; cp le s  o? :netcr l ; : is  L ; I L c L  C ; L ~  ~ z u d i c d  jy ; ~ c ~ . ~ - - c ~ -  i 1. 

- .  ac.;;iv:i'tio~l ; i ;*ioh.~diogrsphy a r c  ~ h i f i  sCc-;7;oils of i.ocks x : z , ~ ? ~ ' l o ~ r ~ p i l l c  

, 3  . - L : : L ~  S ~ C ; ~ O ~ S  s i lb  foils, bone *chin s ' ~ ~ 2 i ~ i l . s ~  211:': o:;.i-;qr' C C A A ~  C 

tissue, ' Tile i;. ,incyals i i l  reek have  $ i f f c r i i l ~  c c n c c ; ~ * , r z ~ i . ~ n s  ~2 c l c -  

- , ,LL. i ;~  - 7  ~ 1 1 3 ' ~  c::~I be  a c t i v a t e d ,  rlzd a u - t o r z c ? i o ~ ~ ; r ~ . ; ~ h i c  s:v.Lics c:!r, u5c 

. ., t k c ~ c .  I n  ay ' ; i f i c i , z l  1:;.z82c.rlnls s u c h  as co::jncrcial ~ ~ ~ S S C S ,  cj;?e7+ r .+ - 
r , l e ~ z ~ a l  ; ? c t r d ~ g y  s a m p l e s ,  and ~i ; e : t a l l i c  a i i o y s  , zhc C O I : C ~ ~ ~ ' ~ ~ ~ G C S  

of a.rjp~..oprizti;e e l e m e n t s  in the b u l k  ser:!plc can  bc c o : l t r o l l c 2  nn? 

.C L , i ~ i r  :, c i s - c y j b ~ - i ; i o f i  i l l  t h e  f i ~ ~ s l  p i -~c ' iuc -~  s tudiet : ,  r;!itj:ol;i.t 1 2 ~ ~ ~ s  - 

s i t y  of in . t ro&uc ing  ra&.oac-civc: .;;xacers i n t o  t i le  smrr"ling r , : a - ~ c r i a l s ,  

-7  . i n i s  can a l s o  be clone i n  l i v i n g  o r g m l c  sysTcn;s, 

Problems e n c o u n l e r c d  i n  t h e  i3cti:od invol-\ie i n t e Y f e y c n c c  0 2  

c f  i 2 h o t o g ~ a s h i c  e n ~ u i s i o n s ,  

I n  many c a s e s  ~ x o r c  t h a n  onc e i c a c n z  i i i  a sam?lc  c:ln bc !:l.ade 

. .  , -  pLlg;-+iy a c x i v e  by i r r a d i a ' i i o n ,  Thcse v1iJ.1 not i u t c r f c r e  ~ : i - ~ h  cnz5  

od;>c;- 01; "Lie ~ ~ " ; r a ~ i o ~ r ~ n h s  if  t l l c i r  ha1.f - lives s y e  safficj-cn-t].y 

. - . " .  - - -C Cc l - e ~  Jc 
L..- i L A ,. s o  7;hzz i r y a d i a x i o i ;  2nd <&ccay tiy,es ~lir?, c;<;GsIw.,-. Lr A L. 

." - 
*- ? ".? ,- 

- - - . - - . ,;:,,is c ~ ; - &  Z;C v z ~ i c d  zbakc Q ~ C  01 t-~ ; i 7 L ~ . , - ~ 1 ; ~ ~  c i ~ $ f 2 . . A . ~ - ~ + ' n -  ~ i . c ~ , 3  i. 

- C . . ;, 66: --: -. ; i~ -n211y ,  11 emitted I jedca ra'ii;l;io;;s fTo:;: - - 7  L b , j ~  c i l  ~ f ~ y c + + ; . ~  ;;.Lcli<-cs 



:J 2 .,.. Lc - p-r;y,l;iz S ~ G ~ C ~ S  while ~ T i i l  s ~ T o ~ . z c ~ ~ ~ o .  3  able iil!;lg~ 5 0  0cr 
0 

- .  zn:?iAs 1 ~ 2  (Fig, I] , ' ~ ~ ~ o s u r c  z i l r e sho ld  vc,,.?scs f o r  -- 2 7y"- a, L d , . l . A . L  ' m , , ~  ..,. v' A L L  - ' > l c  

. , 2 (- l r ; ! ~  c;1 0- 5 ;.,reyc ;:cged t o  'je 3 . 8  j: r:i&;nzicns/ci: 5ct-s c n i  



.'- !? , L 
L l i ~  3b;lbcr of na rcnZ  nuclides i?: the s a m p l e ,  expressed in ~tor :~s /cn:  . 







rccor<i;;:; to i h c  :,rol>ortio:l of  , ~ o i . ? l  d i s i - r a p r n t i o n s  - , . : - -< -  L*.L., ::?TO- 

?. i c c C  e lGctro: is  2nd : , o s , ~ - ~ r o : ~ s ,  112 cxs;;i-;lc of  i s  LQ, i:l;osc 

l l u c j j d c  E U  152~1 .  as 3 c a i c u l a t c d  rel ,?*zivc s c t u r a t i o n  a c a ~ i v i . L y  ~f 

26 3 n l y  75",5 T i s  2ec-y. i s  by c i , l i s s ion ,  houcver  ~ ~ ~ j ~ ~ l ~  P 

25; is Guc 1: - t o  e l c c - t r o n  cop'curc, ~ ~ e c ' c ~ o n  c a i > t u ~ + c  Goes n o t  

- - 2;:cci -:lie ph,o-iogru,hic ernuls ion s i g n i f i c a n t  Ly i n  t h i s  case , s o  

~ 0 1 ; ~  clc!::cnts 1:avc r ,orc  -than one s t - ? j i c  n i ; c l i d c  t k n t  !~:~olucos 

a  r r C i o a c c i v c  Caugli ier .  In such  c n i o s ,  x o r c  t h a n  ono i so rc : j c  o f  

- .  7 .  t ; -c  I A sar,:e c l e x e n z  a 2 p e s r s  i r z  t h e  t2:31C I f  s ar:,pie ~ r r c ? . c ~ ~ i ; i o n  : i ~ , c s  

1 a r c  zd jus*&a -- ;o s t r a i l 1  i:,asinun a c t  i v i t y  f o r  .;:-Ae lcn;csr i ;a l f -  lived 

i so-cope ,  e  i c t i v i ' i y  due t o  2 elzc:enF ? r . i l i  b e  t:lc sur: o f  

a c ; i v i r i e s  of i r s  l i s t e d  i s o t o y c s .  Such eley,lcnis are : < s t z d  .k 

.+'.id C T , !'~2 i n  The r - i l ~  1 ; r i t l i  t l ic syx'boi 1 r e p l a c i n g  t h o  n a s s  ;;I---~!' 

. . 
e:;ar;le i s  d y s i ) r o s i u g ~  (Uy),  which h a s  two u s e i - i  i r u g ! ~ r e ~  ~ i ~ c l i t i c i ,  

on3 :,roducir.g 5 s a t u r n i i o n  a c t i v i - ~ y  of  2 2 . 0  a f c c r  a  9 . 3  h o u r  j , y ~ : G i -  

,,,lei-, z c r i v i r y  of 5. J z f t e y  2 ; 3 3 ,  i1-;z ;jle produciz: ,  s2tc-,*q+' 

. . 
,z 5 r;.ifiu"; i i r r a d i a - ~ i o i l .  c lemell t  call p r o d u c e  a rcl;;;ivc ~ ~ t - v ~ ~ ~ y  

. , 
G? A 27. j ~ f t c r  3 9.3 hour  ; ;  j u z   so:,^ c - s i s  :I - - . q 7  . ' . a . 1 ,  .iY 

d 

- .  
. k c  , sc -c tor  s c t t l c  f o r  en a c c i v i - t y  of 5.3 z.rL(L r~p* ~ l - ~ ~ i ~ ~ ; L ~ ~ ~ ~ A ;  - L - - ' , -  i ii,,u 



2 5 
~ ~ ~ ~ ~ ~ : ~ y ~  d ~ c 3 ) r s  a i l a . l . f - l l . ? ~  of 2 . 4  p ~ i n ~ i ~ c s ,  

. . :I, co,-,-ccA- A A ; i on  jijlat L~3.s. not bee!; made 11: t i le ca lcu l iz~ec ' i  v a l c c s  

1 .  . . 
,.\ - .  , 2;)1e 1s t h 2 . x '  due .'io ;con!e'cry o f  Clle ,zueorauloc;;;:r?~~;:~c 

, R s d i a t i n g  s o u r c e s  i:; 2.11. a c t i v a t z 2  s n ~ - l o  zrc s - h c r i -  

. . 
(-31, t ; ic;cforc i:1 D r n c t i c e  i r  i s  d c s j . ~ 3 b l ~  t o  XI~CT]; v l l t j i  i h i X  

jccxio ; l s  . f i J  l o c a c c  p h o t o ~ r a . p h j . c  e n c l s  i o n s  as c l o s c  as 705s i b l ~  F G  

-ihc s r + n ~ l c  t o  mii>i:;ize ini-ge s ? r e a d ,  cy..!lence s c s o i u i i n r . .  !i..i.~j: 

-n nrrangcne:;e :he enl::sion r e c e i v e s  -.?~ros;n;Zo iy haLf ';kc 

1 -  y- i ;c t ior .  c i s i txed  by s a - p l c ;  or::er r.alf i s  d i r e c - c e l  2::;jr 

f ror l  ehc : i l m ,  T]lo o r h e r  g e o ; l c t r i c a l  c o r r ~ c ' i i o n s  a.re u:;;i-l l ) r  r : c i t c  

( T a b l e  I) 

: \ 3 7 ;  7 4 . - - , , c a t i o n s  0 5  "ihc biet'iiod 

cr. \ < , 7  - 
I i l C  clcr:.enJcs most  comao::I)i 5ound in rocks n r c  0, Si, .<L, I'C) 

. . 
,:a 

% 7 ... 3 J , a!;J T i .  A l l  tile $:-:;or ~ o i l < - f o r . i i : i :  c.-.";ions il:;)i:: c : l ~  

s ; z$  is oxole t];az undergoes  2 1 ! 1 L - , 
2 -  . . W L  L; ti..b.> < L , ~ C L  - - >  . 

. . -  .,. -,. 2. - c n - 
_ ) A  .,. b,3 ra$.i:;zion, I j Y d H ) - e  ;dsefplness 0.5 <;:2c 7;etLc;c: ;i;r r-r-y * 



. - - .  ... , . . . 
,>-, . , , , , - < ,> * .;,;; 2 1- -.- ,. , -8 9 ?. , ,,.,A ,. , 2. P:? i Toll: (?i-,C C ' r " , ( , , ; ~ ~ C ~ '  '1' 
L A ^ *  C- A'.  L* ,. 

u ;.~lc,.!.:Lk!2 . ' , , f i . L l  :'+2"5:: y:.<::- 

z+y<-:. f 5 c-p.. - +- 

.,.l , cis ; s zn6.s "iae 2nd l i n e s  :OX~: ( 2 4 )  z r e  "c!;;o vef"  i co2::;on 

"7 7 . .  ~ 5c&j:;ici~;~~)i 1-ock ~ y p c s  .-- l.:iosc fla!:c;lts ]la.vin::;:ilg,l ac;:j.;ri;ics 

ia til; gr? - ; l i fo  ciiabcsc 2;fir;iyscs nye Al i so : ; ; c s ~  \t!o~lc 

,- 2 4  :y,acic: for 2 ! . s -> iou~  periociiu, during ~,;l;-iich :\i3 :\ii i 1 TO i';,~!: *~i=e 

,;so b e  a'c "LC s ~ t u r a t i o n  level bu-c Its activity w l l l  ~ccc;::c 

. . 
2nd sn cs?~surc can then b e  nsdc t h a t  will S ~ ~ : C X  tie d i ~ i ~ l ~ a ~ i ~ n  

,I of s 2  1-9 ";e sample ,  
-, - 

jf secondi;\, ix:;or~,ncc is ~ i - ~ c  ,-.-.fair c l c  i,, 1:: f-'.,.vb k i - v  ,--e,->.*;,-q 

1 <) L .i ,. V 

-. 2' . . .,c -- . -. , - 
, 2c;;jsi ;hey jlavo 5 i,-,~?c:- j;i.;:- ~ ~ Y C S  r-zi;:ii~z i. - -i 



Sociu;:l, a;ld :?\1 a rc  ; , r c s c n t  in vciA)l lo.!.! coficcr,~y;.r : t ioi ls  il-;. 

snxidstoni:  and l i m c s t o n c ,  , s o  z l l e i r  c ~ ~ l c u l a t c d  ac-Livi-Cy l iovc l s  ii:: 

, -I, .  ?, <. Y O C ~ S  ; I ~ C  cl ls0 1015. Su r ;3 r i s i 2g i ) r ,  ! iowcver,  A l  v l i ~ h  a 

~j i l io le - rock  c o n c c a t r a - o f  o n l y  2.5;;  i : ~  tile snnCs t o n e ,  s t i l l  h a s  

the i l i ~ h c s t  a c t i v i t y  i l l  "Ll;~t  rocl;. An g U - ~ ~ r c 2 d i o ~ r . ; i p ; l  A &. o of  2 5 2 ~ 2 -  

s-LOAC tiizt has  t h i s  a v e r a g e  c o n p o s i t i o n ,  ' i l l e r e f o r e ,  c o u l d  g i v e  a 

;11a.ccrizi 6 

P,l : ~ c  a v c r a c c  l i x e s t o n c  ( T a b l e  2 )  docs  n o t  loo!; coo  ; l o ? c f u l  

f-fa:~i -i;i;c n u t o r a d i o ~ r a ~ l ~ i c  v i e w p o i n x ,  b u t  s c c  F i g ,  3. T h i s  i s  

c y e  cilc i n a t r i x  a p p c r r s  t o  b e  e i t h c r  c n l c i t c  (CaCO.,) o r  Lcio:.!itc 
3 

- 
. (Cz,:?ig,I:e)CO.z . Calcium, i\lg, anti 1:e s h o u l d  a c t i v a e c  o n l y  v c r y  - 9 

zFLe c o r ~ 2 . s  s]loulS: s a r L d  o u t  in t h e  a l l - to rad iogrcpki ' c  nri ; l-L,  

~ ; $ , ~ i o u s l y ,  ~ ~ ; ~ ~ a d i o ~ ; r a . p : ~ y  i s  c n l y  ~ l s c f u l  i f  i t  e:-;abLes onc  To sec: 



a ;̂ iu;:;bcr or' f a c z o r s  b c f o r e  c l c t c r m i n i n ~  \.!here *LO C?ir;-ii-; -L~ -~c  lint in 

ii2e villi !,c a facxor: o b v i o u s l y ,  of -cl~o elc:iien.'is i lavin.2 ? h ~ :  
. . 

s ar;,c l f i i  t i a l  a c z i v i x y  t h e  o;zc Ilcivinr: L) "ile longcr h a i f - 1 i . E ~  c::n 

. . 2e ...& ; vcr c!ore/ e o m i  radicz"cion CLG the ~ : ~ G * L O ~ T ~ C L ~ ~ I Z C  CI:!U~:; 2011 s c  

,.,/ . 1: rocks, j.;,el;- s ~ i b a b i l j . : y  ~zu*;crzdio~ra-.y will ~ c t  6.c22nC c n  







, . \  '7 j /,. j L;;< 2 2 5 0 $ -- -.- 7 .  - 7 .  
'1 " C "  Cf a'c?.~0;-;lCIIG~11C.~i~.L5 a *  ';2G10;~C.c,"" 0,,2S 

L . A U  L A . . l b  *' b 

. - ,. 
S c r ,  gj',s,:1,, 4.3, 1 2 2  (1957), - - 
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s c ! l c c c c i  For  t i i c i r  i i l i  j.n ~utoradj .o-r r : -J l ly .  
1 

1; 17 (el ,) 27.3 9 , 3h 

ios 22.0 I 9 , 311 2 . 3 211 n >. % 

21_.0 I 1- 1.9 4 4 8 91: 19 * O h  

1- 5 2?! 

1- I. Gm 

1.6 5:n 

(el ,) 

5 6 

( ~ 2 . ~ )  

176~1 

1-9 3 

1. 3 3 

1(7 S 





4 8 ,  Oil 

L! S, Oh 

4G,Oh 

17 ,611  

7 ,  311 

4 c  6 Oh 

4 2 ,  

7  2 

I. 7 7 

66 

2 1'3 

(el..) 



4 6.0j1 

48,011 

7,611 

4 S , O i 1  

3 2,il 

:I 8 ,  O i l  

7 2, Sri 

5 , 6 711 

3 * fj 7j) 

s & l!. ','I\ 

:; < s 11. 
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i l n ~ ~ z l l t c r  n u c l i d e ,  : : ins s I n i  t i : ? ?  l l ,c t iv i  ty: A I r r a d .  ! la11 - 
0 

I 

o r  e lc~i lcnt  ?(o , ( 1 0 - ~ ~ / h c t a s / s c c / ~ i n )  Tixle Life I 

8 51n 

(el,) 



I 
CassirZy c ? t  a l ,  - ?:!rc O 7 o f  ' T t ~ 1 ) l c ~  I. I 1 

j:;,t;~11.'icr I I I J C . ~ ~  d e ,  >lass I n i t i a l  h c t j v i t y :  ho I r r ~ d ~  11;i-1 F -  . 

o r  ~ l . c i ~ 1 ~ 1 1 t  i4 o . ( l ~ - ~ ~ / b c t n s / s c c / ~ ~ )  T i::ie 1.i f e  

I-: 2 

'l' i 

(el @ 1 

121 

124 

10 1 

55 

2 0 3  

5 1  

49 

2 0 5  

(el ,) 

1 3 :: 1 

2 7 

:; 7 

5 1- 

-1 (1 3 

I ;) ~ : i  j .1 



l! as s 

No, 

1 2 4 m  2 

137  

I 2 5 J?I 

9 7 

123 

210 

35 

59 

239  

59 





- v e ~ y  Lo~,;i. ac$-ivit)r prol>?&bly cue o5l-v -I t o  cslciiir;:::, Sany12 

USGS 20546, 2 cn l o n g ,  






